The exuberant immunoinflammatory response that is associated with Pseudomonas aeruginosa infection is the major source of the morbidity and mortality in cystic fibrosis (CF) patients. Previous studies have established that an exoproduct of P. aeruginosa (exoenzyme S) is a mitogen for human T lymphocytes and activates a larger percentage of T cells than most superantigens, which may contribute to the immunoinflammatory response. An animal model would facilitate studies of the pathophysiologic consequences of this activation. As a first step toward developing an animal model, the murine lymphocyte response to exoenzyme S was examined. When stimulated with exoenzyme S, splenocytes isolated from naive mice entered S phase and proliferated. The optimum response occurred after 2 to 3 days in culture, at 4 ؋ 10 5 cells per well and 5.0 g of exoenzyme S per ml. The response was not due to lipopolysaccharide, since Rhodobacter sphaeroides lipid A antagonist did not block the response. Other preparations of exoenzyme S stimulated lymphocyte proliferation, since the response to recombinant exoenzyme S (rHisExo S) cloned from strain 388 was similar to the response to exoenzyme S from strain DG1. There was evidence that genetic variability influenced the response, since A/J, CBA/J, and C57BL/6 mice were high responders and BALB/cJ mice were low responders following stimulation with exoenzyme S. Both splenic T and B lymphocytes entered the cell cycle in response to exoenzyme S. Thus, murine lymphocytes, like human lymphocytes, respond to P. aeruginosa exoenzyme S, which supports the development of a murine model that may facilitate our understanding of the role that exoenzyme S plays in the pathogenesis of P. aeruginosa infections in CF patients.
Cystic fibrosis (CF) is the most common lethal inherited disorder found in the Caucasian population (2) . In CF, a chronic respiratory infection causes pulmonary pathology (6) that is the major source of morbidity and mortality (7) . Pseudomonas aeruginosa, the most common respiratory pathogen found in CF patients (9) , has been hypothesized to play a major role in eliciting damage to the pulmonary tract. Moreover, the host response to P. aeruginosa is a complex immunoinflammatory interaction that confines this aggressive pathogen to the lung but results in tremendous damage to the airways and parenchyma of the lung. Such exuberant immunoinflammatory responses are often the result of neutrophil influx followed by its attendant oxidative and enzymatic release. However, under some circumstances, T lymphocytes can trigger a vigorous immunoinflammatory response when they are responding to microbial mitogens and superantigens (13, 18, 19) . We have been studying the ability of a P. aeruginosa exoproduct to activate T cells and potentially contribute to the pathogenesis of CF. Previous studies have established that exoenzyme S stimulates T and B lymphocytes from a large percentage of adults to proliferate (20) . Further, exoenzyme S is a novel mitogen for T lymphocytes and activates a larger percentage of T lymphocytes than many superantigens (4) . To further study the role of exoenzyme S in the immunoinflammatory response that might contribute to the respiratory pathology seen in CF, the development of an animal model would be of great benefit.
Animal studies have shown that experimental infection with P. aeruginosa results in damage to the lung that is similar to that seen in CF patients (22, 33) and that exoenzyme S, a secreted P. aeruginosa exoproduct, contributes significantly to this pathology (24, 37) . Exoenzyme S is an ADP-ribosylating enzyme produced by P. aeruginosa in both a secreted form and membrane-bound form (12) . There are a number of different preparations of exoenzyme S, and although there are differences in some of their properties, the 50-kDa exoenzyme S from P. aeruginosa DG1, the 49-kDa recombinant form expressed in PA103 with the pUCP exoS expression vector inserted (16) , and the 52-kDa recombinant form (rHisExo S) expressed in Escherichia coli BL21(DE3) (14) all activate human T cells (5) . The present studies were performed to determine whether exoenzyme S stimulates murine lymphocyte proliferation.
The mouse is an obvious candidate for the development of an animal model, as the genetics are well understood for inbred strains, immunologic reagents are available, and murine models of CF exist (28, 30) . To investigate the ability of murine lymphocytes to proliferate in response to exoenzyme S, splenocytes were stimulated with exoenzyme S under various conditions, and the uptake of [ 3 H]thymidine ([ 3 H]TdR) and lymphocyte cell counts were determined. As exoenzyme S is a purified bacterial exoproduct, the contribution of lipopolysaccharide (LPS) contamination to proliferation was investigated. Lymphocytes were stimulated with exoenzyme S, and the ability of Rhodobacter sphaeroides lipid A antagonist to block the response was assessed. To determine whether different preparations of exoenzyme S were capable of stimulating lymphocytes, the response of purified exoenzyme S from P. aeruginosa DG1 was compared to that of recombinant exoenzyme S cloned from P. aeruginosa 388 and expressed in E. coli BL21(DE3). To determine whether genetic variability between different inbred strains of mice influenced the response, lymphocyte proliferations of A/J, BALB/cJ, C57BL/6J, CBA/J, DBA/2J, C3H/HeJ, and C3H/OuJ mice were compared. Finally, to determine the cell population that proliferates in response to exoenzyme S, cell cycle analysis of T and B cells was performed by cell surface labeling and propidium iodide staining with flow cytometry.
MATERIALS AND METHODS
Mice. Eight-to 10-week-old male A/J, BALB/cJ, C3H/HeJ, C3H/OuJ, C57BL/ 6J, CBA/J, and DBA/2J mice were obtained from Jackson Laboratories (Bar Harbor, Maine). Mice used in these experiments were not previously sensitized with P. aeruginosa or P. aeruginosa exoenzyme S. Mice were maintained in a pathogen-free unit and were supplied with food and water ad libitum.
Preparation of P. aeruginosa exoenzyme S. exoenzyme S was prepared from P. aeruginosa as previously described (36) . Briefly, P. aeruginosa DG1 was grown for 36 h at 32°C in S medium. The protein in the culture filtrate was precipitated with ammonium sulfate, dissolved in Tris buffer, and separated by DEAE-Sephacel (Pharmacia, Uppsala, Sweden) column chromatography. The protein was reprecipitated with acetone and then dissolved in Tris buffer and separated by G-100 (Pharmacia) gel filtration column chromatography. Protein-containing eluted fractions were stored at Ϫ70°C until they were used. Exoenzyme S purified by this method does not contain ADP-ribosylation activity and migrates as a single, homogeneous band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Endotoxin levels were measured by using a Limulus amoebocyte lysate kit (Associates of Cape Cod, Woods Hole, Mass.) and were found to be less than 0.4 ng of LPS per ml.
Preparation of recombinant exoenzyme S. rHisExo S was purified from E. coli BL21(DE3) with an inserted pETrHisExoS expression vector (a kind gift from Joseph Barbieri) as previously described (14) . Briefly, an overnight culture of E. coli BL21(DE3) carrying the pETrHisExoS vector was diluted 1/30 in L broth containing 100 g of ampicillin (Aldrich, Milwaukee, Wis.) per ml and shaken at 250 rpm at 30°C. After 2 h, IPTG (isopropyl-␤-D-thiogalactopyranoside) (Vector Biosystems, Toronto, Ontario, Canada) was added at a final concentration of 0.5 mM, and the culture was shaken for another 2 h. Phenylmethylsulfonyl fluoride (Sigma, St. Louis, Mo.) was then added to the culture at a final concentration of 1 mM, and the mixture was immediately centrifuged at 6,000 rpm for 8 min in a previously refrigerated GS3 rotor (Beckman). The pellet was resuspended in binding buffer containing a cocktail of protease inhibitors, and cells were broken in a French press as previously described (14) . Cellular extracts were centrifuged at 16,000 rpm for 16 min in a previously refrigerated SS34 rotor (Beckman) and then passed through a 0.22-m-pore-size filter (Millipore, Bedford, Mass.). The filtrate was then subjected to Ni 2ϩ affinity chromatography (2-ml column; Qiagen, Santa Clarita, Calif.). After loading, the column was washed with 20 ml of binding buffer and then with 20 ml of binding buffer containing 50 mM imidazole (Sigma). rHisExo S was eluted in binding buffer containing 0.5 M imidazole, and 2-ml fractions were collected and analyzed for protein content by measurement of the A 280 .
Splenocyte isolation and proliferation assays. Splenocytes were obtained by passing freshly isolated spleens through a 60-mesh stainless steel sieve. Erythrocytes were removed by incubating the splenocytes in lysing buffer (0.15 M ammonium chloride, 0.01 M potassium hydrogen carbonate, 0.001 M EDTA) for 5 min at 4°C. The cells were then washed three times in Hanks balanced salt solution by centrifugation (800 ϫ g) for 10 min at 4°C and suspended in culture medium containing RPMI 1640, 5% fetal calf serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 100 U of penicillin per ml, and 100 g of streptomycin per ml (all from Gibco BRL, Burlington, Ontario, Canada) and 5 ϫ 10 Ϫ3 M 2-mercaptoethanol (Sigma). Cells were counted and viability was assessed by trypan blue exclusion.
Between 1 ϫ 10 4 and 8 ϫ 10 5 cells per well were incubated at 37°C in 5% CO 2 in the presence or absence of stimuli for 8 days in 96-well flat-bottom plastic tissue culture plates (Nunclon; Nunc, Roskilde, Denmark). Stimuli used were exoenzyme S (0.005 to 10 g/ml), P. aeruginosa serotype Habs 10 LPS (1 g/ml) (Sigma), Staphylococcus enterotoxin B (1 g/ml) (Toxin Technologies, Sarasota, Fla.), or concanavalin A (5 g/ml) (Sigma). For some experiments R. sphaeroides lipid A antagonist (1 to 10 g/ml) (Sigma) was combined with exoenzyme S or LPS in culture. Sixteen hours before the end of incubation, 1 Ci of [ 3 H]TdR (ICN, Montreal, Quebec, Canada) was added to each well. Cells were harvested onto glass fiber filters, and the number of counts per minute was determined in a liquid scintillation counter. Data are presented as the stimulation index (SI), which is calculated by dividing the stimulated counts per minute by the unstimulated counts per minute.
The number of cells that were present in culture following stimulation was monitored by preincubating the cells in medium (as described above) at 2 ϫ 10 6 cells per well in 24-well flat-bottom plastic tissue culture plates (Nunclon) for 3 days. The cells were then aspirated from the plates, counted by trypan blue exclusion, and plated for 0 to 6 days in 96-well flat-bottom plates at 2 ϫ 10 5 cells per well in the presence of exoenzyme S, concanavalin A, or medium alone. After 0 to 6 days, the cells were removed and lymphocytes were counted by using trypan blue. This was done in quadruplicate for each group on each day.
Cell cycle analysis of splenocyte subsets stimulated with P. aeruginosa exoenzyme S. To determine which splenocyte subset(s) was proliferating in response to stimulation with P. aeruginosa exoenzyme S, propidium iodide incorporation on gated B lymphocytes, or T lymphocytes was assessed. Briefly, unstimulated or stimulated cells were labeled with fluorescein isothiocyanate-conjugated anti-B220 (B cells) (Pharmingen, Mississauga, Ontario, Canada) or anti-Thy 1.2 (T cells) (Sigma). Cells were treated with 75% ethanol at Ϫ20°C for 1 h, followed by addition of RNase (1 mg/ml) (Sigma) and propidium iodide (5 g/ml) (Sigma). Analysis for DNA content was performed by flow cytometric analysis (FACScan; Becton Dickinson) with CellQuest software (Becton Dickinson).
Statistics. Data are given as the mean SI Ϯ standard error of the mean (SEM). Statistical analysis was performed by using the Fisher least significant difference, when allowed by the F value (analysis of variance; Statview 512ϩ; BrainPower Inc., Calabasas, Calif.). For these tests, a P value of Ͻ 0.05 was considered significant.
RESULTS
Murine lymphocytes respond to stimulation with P. aeruginosa exoenzyme S. Experiments were performed to determine whether murine lymphocytes respond to stimulation with exoenzyme S and to determine the optimal conditions for lymphocyte proliferation. The response was determined by measuring the uptake of [ 3 H]TdR into splenocytes. The response to 0.005 g of exoenzyme S per ml was undetectable (SI ϭ 1.41 Ϯ 0.13). The response increased in a dose-dependent fashion, with an optimal concentration of 5 g/ml (SI ϭ 4.71 Ϯ 0.96) (Fig. 1A) . There was no further increase in [ 3 H]TdR incorporation at higher concentrations of exoenzyme S.
The effect of varying the number of splenocytes was also examined. (Fig. 1B) . The time course of the response of murine lymphocytes to exoenzyme S was also assessed. Cells were stimulated with exoenzyme S, and the [ 3 H]TdR incorporation was measured at days 1, 2, 3, 4, 6, and 8. The response was greatest on day 2, was similar on day 3, and declined on the following days (Fig. 1C) .
Murine lymphocytes proliferate in response to stimulation with exoenzyme S. [ 3 H]TdR incorporation is a measure of DNA synthesis and is often used to indicate lymphocyte proliferation. To ensure that lymphocyte proliferation followed [ 3 H]TdR incorporation, the number of lymphocytes was determined after stimulation. Stimulation of murine splenocytes with exoenzyme S resulted in a significant increase in the number of lymphocytes per well on days 4 and 6 ( Table 1) . The increase in the number of lymphocytes followed the peak [ 3 H]TdR incorporation by 2 to 3 days and was similar to the increase in cell number in response to the positive control (concanavalin A).
The proliferative response to exoenzyme S is not due to LPS contamination. Since exoenzyme S was obtained from gramnegative bacterial culture supernatants, we considered the possibility that splenocyte proliferation was due to contaminating LPS. To determine if the proliferation in response to exoenzyme S was due to contaminating LPS, the effect of LPS was blocked with a lipid A antagonist from R. sphaeroides. R. sphaeroides lipid A did not block the proliferative response to exoenzyme S at either 1 or 10 g/ml. However, it did reduce the LPS-induced proliferation in a dose-dependent fashion, and at 10 g/ml proliferation was reduced nearly to the value when lipid A alone was present in culture (Fig. 2) . The increase in lymphocyte proliferation with lipid A alone reflects its partial agonist qualities (27) . Further, there was no lymphocyte pro-liferation in response to 0.5 ng of Habs 10 LPS per ml, which was similar to the concentration of contaminating LPS in the preparation of exoenzyme S (SI ϭ 1.2 Ϯ 0.2). Additionally, the proliferation of splenocytes from non-LPS-responsive C3H/ HeJ mice was similar to that of splenocytes from genetically related but LPS-responsive C3H/OuJ mice (data not shown).
These findings suggest that LPS is not responsible for splenocyte proliferation in response to exoenzyme S.
Different preparations of exoenzyme S. The experiments described above had been performed with exoenzyme S derived from P. aeruginosa DG1. To ensure that exoenzyme S from other strains of P. aeruginosa were also capable of stim- ulating splenocyte proliferation, the response to exoenzyme S from strain DG1 was compared to that of recombinant exoenzyme S that was cloned from strain 388 and expressed in E. coli BL21(DE3). The responses to the two preparations were similar across a broad range of concentrations (Fig. 3) . This suggests that the molecular features that are responsible for lymphocyte proliferation are shared by the two preparations of exoenzyme S.
Different strains of mice vary in their proliferative responses to exoenzyme S. The availability of inbred strains of mice allow the comparison of potential genetic differences in the response to a stimulus. In an attempt to identify genetic differences that might influence the response to P. aeruginosa exoenzyme S, the responses of six widely genetically divergent inbred strains of mice were examined. Splenocytes from A/J, BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, and DBA/2J mice were stimulated with exoenzyme S, and [ 3 H]TdR incorporation was assessed. There was a statistical difference between the highest responders, i.e., the A/J, C57BL/6J, and CBA/J mice, and the lowest responders, i.e., the BALB/cJ and C3H/ HeJ mice (Fig. 4) . This suggests that one or more of the genes that account for the diversity between these strains of mice influence the magnitude of the response to exoenzyme S.
B cells and T cells enter the cell cycle upon stimulation with exoenzyme S.
The murine spleen is composed of several types of lymphocytes, with the most common being B lymphocytes (55%) and T lymphocytes (35%) (21) . To identify the subset that was proliferating in response to exoenzyme S, splenocytes from DBA/2J mice were labeled with fluorescein-conjugated antibodies against T-or B-cell-specific markers and stained for DNA content with propidium iodide. Analysis of the DNA content on ungated splenocytes demonstrated that they entered the S or G 2 /M phase of the cell cycle. Moreover, B lymphocytes and T lymphocytes entered the cell cycle in response to stimulation with exoenzyme S (Fig. 5) . The experiment was repeated with C3H/HeJ mice, with similar results (data not shown).
DISCUSSION
We have made four observations. (i) Murine splenocytes proliferated in response to stimulation with exoenzyme S, and optimal [ 3 H]TdR incorporation occurred after incubation for 2 to 3 days at 2 ϫ 10 5 to 4 ϫ 10 5 cells per well in the presence of 5 g of exoenzyme S per ml. (ii) This response was not due to contaminating LPS, and different preparations of exoenzyme S were capable of stimulating proliferation. (iii) Under these conditions, splenocytes from different strains of mice, including A/J, CBA/J, and C57BL/6J mice, were high responders, while BALB/cJ and C3H/HeJ mice were low responders. (iv) Both T and B cells were found to enter the cell cycle upon stimulation with exoenzyme S.
This study was undertaken to determine the feasibility of developing a murine model to study the in vivo pulmonary immune response to exoenzyme S. Previous studies have demonstrated that exoenzyme S is a major contributor to the virulence of P. aeruginosa in mice. Strains of P. aeruginosa that produce exoenzyme S cause more lung damage in a rat model (24, 34, 35, 37) and have greater dissemination from burn wounds to blood and other tissues in a mouse model (23) . However, these studies did not determine the mechanism of tissue injury. It is possible that exoenzyme S is directly toxic to the epithelium, as suggested by studies of epithelial injury by exoenzyme S (8, 15) . Additionally, the present studies also support the possibility that exoenzyme S-induced activation of T cells may contribute to the pathology of chronic Pseudomonas infections, as suggested by our previous work.
When murine splenocytes responded to the purified P. aeruginosa exoenzyme S, we considered the possibility that the response could actually be a result of contaminating LPS. Murine lymphocytes are highly responsive to LPS compared to human lymphocytes, and therefore experiments were performed to determine whether the lymphocyte proliferation was due to contaminating LPS. There are a number of pieces of evidence indicating that the response was not due to contaminating LPS. C3H/HeJ mice are unresponsive to LPS (25) , but splenocytes from these mice proliferated in response to exoenzyme S. The concentration of P. aeruginosa LPS that was present in the preparation of exoenzyme S did not induce significant splenocyte proliferation in DBA/2 mice. The response of non-LPS-responsive C3H/HeJ splenocytes was similar to the response of LPS-responsive C3H/OuJ splenocytes. Finally, R. sphaeroides lipid A, which antagonizes the response to LPS, was unable to block the response to exoenzyme S despite its ability to block the response to LPS. These results indicate that the response to exoenzyme S was not due to contaminating LPS.
Studies of the time course of lymphocyte proliferation demonstrated that the peak of [ 3 H]TdR incorporation occurred after 2 to 3 days in culture. The kinetics of this response are typical for mitogenic lectins such as concanavalin A and phytohemagglutinin, which usually peak on day 2 to 4, in contrast to recall antigens, which frequently peak after 7 days of culture. The increase in the number of lymphocytes peaked 2 days later, which is also typical of lymphocyte proliferation assays in vitro and is presumably because [ 3 H]TdR incorporation indicates that cells have entered S phase, which is followed by an increase in the number of cells. The proliferative response in mice occurs earlier and is of greater magnitude than the response in humans. This suggests that the response in mice is even more vigorous than the response in humans, which may assist in studies attempting to model the human disease.
There has been debate about the similarities and differences of particular preparations of exoenzyme S. There are differences in the biochemistry of exoenzyme S preparations from strain 388 and strain DG1 and some differences in the biological activities elicited by these different preparations (for a review, see reference 9a). Despite these differences, we have determined that human T cells are activated in response to exoenzyme S purified from P. aeruginosa DG1 by the method of Woods and Que (36) or in response to recombinant exoenzyme S purified by the method of Kulich et al. (16) from strain PA103 (rExo S) or by the method of Knight et al. (14) from E. coli BL21(DE3) as a histidine-tagged fusion protein (rHisExo S) (5) . The present studies extend these observations and demonstrate that the properties responsible for murine splenocyte proliferation are shared by exoenzyme S from strain DG1 and recombinant exoenzyme S expressed in E. coli BL21(DE3) (rHisExo S).
The genetics of the mouse are well understood and have been studied in great detail. Murine models of infectious disease have allowed us to study genetic traits that confer susceptibility or resistance to many pathogens, including Leishmania, Plasmodium, Trichinella, Mycobacterium, and Pseudomonas (1, 3, 17, 22, 26, 32) . One strain of mice may be resistant to one infection but susceptible to another. For example, C57BL/6 mice are resistant to Leishmania and susceptible to Mycobacterium, while the converse is true for BALB/c mice (1, 11, 29) . These inbred strains of mice have allowed us to map the phenotype to host defense genes. We had previously observed considerable variability in the magnitude of the human T-cell proliferation in response to exoenzyme S, which raised the possibility that genetic traits influenced the magnitude of the response. Previous studies utilizing P. aeruginosa-impregnated agar beads had demonstrated that BALB/c mice were resistant to infection, while A/J, C57BL/6, and DBA/2 mice were susceptible (10, 31) . This correlates with our observation that A/J and C57BL/6 mice are high responders, DBA/2 mice are intermediate responders, and BALB/c mice are low responders, and it supports our hypothesis that lymphocyte proliferation in response to exoenzyme S causes a mitogenic lymphocyte response that impairs the host defense to P. aeruginosa. Further studies will be required to determine whether the same genes are responsible for the magnitude of the lymphocyte response and the impaired clearance of P. aeruginosa (22) .
Our previous observations have demonstrated that human T cells and B cells proliferate in response to P. aeruginosa exoenzyme S and that the B-cell response is T-cell dependent (20) . The present experiments demonstrate that both murine T cells and B cells proliferate. Our previous observations with humans had demonstrated that the T-cell response was somewhat greater than the B-cell response, while the converse was true in the murine experiments. There are a number of potential explanations for this. The murine spleen contains a larger fraction of B lymphocytes (approximately 55%) than T lymphocytes (35%) (21) , while the converse is true for human peripheral blood. Additionally, although experiments with the murine and human systems both utilized measures of entry into S phase, the assays were different, which may alter the magnitude of the response.
The present studies demonstrate that murine lymphocytes proliferate in response to P. aeruginosa exoenzyme S and support the development of a murine model to study the lymphocyte response to exoenzyme S. Similar to the response of humans, a vigorous response occurs in naive mice, suggesting that exoenzyme S is a mitogen for mice, as it is for humans (4) . The response in mice is optimal at concentrations of exoenzyme S similar to those for humans, and the number of lymphocytes that are required for an optimal response is similar. However, investigations in a murine model must take into account two differences between the responses of mice and humans. First, the response in mice is even more vigorous than the response in humans, in that it occurs 4 days earlier. Second, while T cells contribute substantially to the response, the response of B cells in mice is even more vigorous than it is in humans. Provided that these differences are taken into account, the murine model will be a valuable addition to our armamentarium to study the pathogenesis of P. aeruginosa infections.
